Significant summer warming over the eastern Antarctic Peninsula in the last 50 years has been attributed to a strengthening of the circumpolar westerlies, widely believed to be anthropogenic in origin. On the western side of the peninsula, significant warming has occurred mainly in austral winter and has been attributed to the reduction of sea ice. The authors show that austral fall is the only season in which spatially extensive warming has occurred on the Antarctic Peninsula. This is accompanied by a significant reduction of sea ice cover off the west coast. In winter and spring, warming is mainly observed on the west side of the peninsula. The most important large-scale forcing of the significant widespread warming trend in fall is the extratropical Rossby wave train associated with tropical Pacific sea surface temperature anomalies. Winter and spring warming on the western peninsula reflects the persistence of sea ice anomalies arising from the tropically forced atmospheric circulation changes in austral fall.
Introduction
Surface temperature changes in Antarctica over the last 50 years exhibit strong seasonality and spatial complexity, with significant increases of annual mean temperature on the Antarctic Peninsula (AP) and West Antarctica but little change across East Antarctica (Comiso 2000; Marshall et al. 2002; Turner et al. 2005; Chapman and Walsh 2007; Monaghan and Bromwich 2008; Monaghan et al. 2008; Steig et al. 2009; Schneider et al. 2012a; Orsi et al. 2012; Fogt et al. 2012; Bromwich et al. 2013; Steig and Orsi 2013) . In the peninsula region, the warming on the west side is greatest in austral winter, while on the east side the warming is greatest in summer. In some locations on the western AP, the annual-mean warming trend reaches 0.58C decade 21 , which is substantially larger than global mean warming and ranks among the fastest warming rates on the planet (Vaughan et al. 2003) . Significant changes to ecosystems in this area are among the known impacts of this warming (Trivelpiece et al. 2011) . On the eastern side of the AP, successive loss of ice shelves has occurred in response to summer surface warming (Van den Broeke 2005). The summer warming over the eastern AP in recent decades has been attributed to a trend of atmospheric circulation toward the positive phase of the southern annular mode (SAM) (Thompson and Solomon 2002; Gillett et al. 2006; Marshall et al. 2006; Marshall 2007) , the dominant pattern of Southern Hemisphere (SH) circulation variability (Thompson and Wallace 2000) . There is evidence that the observed trend in the SAM index during austral summer is the result of anthropogenic increases in greenhouse gas concentrations and depletion of stratospheric ozone (Thompson and Solomon 2002; Gillett and Thompson 2003; Marshall et al. 2004; Shindell and Schmidt 2004; Miller et al. 2006; Arblaster and Meehl 2006; Fogt et al. 2009 ; Thompson et al. 2011) . The positive SAM trend may induce warming on the east side of the peninsula through a feedback between increased westerlies and local topography Orr et al. 2008) . Thus, the recent warming trend on the eastern AP reflects the impact of anthropogenic forcing on the SH high-latitude circulation. These arguments do not account for the warming on the west AP during winter, which is commonly attributed to the decreasing trend of sea ice in the Bellingshausen Sea off the west coast of the peninsula (Jacobs and Comiso 1997) . It has been suggested that sea ice variability in the Bellingshausen Sea is sensitive to the SAM and El Niño-Southern Oscillation (ENSO) variability (Liu et al. 2004; Stammerjohn et al. 2008) , but the cause of the long-term sea ice reduction trend remains an open question (Vaughan et al. 2003; Sigmond and Fyfe 2010; Holland and Kwok 2012) .
An important link between tropical SST anomalies and circulation variability in the high latitudes of the SH has been recognized for decades (Karoly 1989; Liu et al. 2002; Grassi et al. 2005; Fogt et al. 2009 ). In particular, SST variability in the tropical Pacific is strongly linked to the circulation variability adjacent to the AP and continental West Antarctica, through the generation of a large-scale atmospheric wave train (Marshall and King 1998; Yuan and Martinson 2000; Renwick 2002; Fogt and Bromwich 2006; Lachlan-Cope and Connolley 2006; Ding et al. 2011; Fogt et al. 2011; Steig et al. 2012; Schneider et al. 2012a,b; Ding et al. 2012; Okumura et al. 2012; Bromwich et al. 2013 ). This motivates examination of the role of tropical SST variability in influencing the observed trend of AP temperatures and sea ice conditions.
Methods

a. Data
We use data from the eight long weather stations on the AP to examine peninsula-wide temperature variability (Fig. 1) . We restrict the analysis to the most recent 31 years , during which atmospheric reanalysis data for the SH polar region are most reliable (Bromwich et al. 2007; Bracegirdle and Marshall 2012) . Monthly near-surface temperature from eight stations in the AP region was obtained from the Antarctic Reference Antarctic Data for Environmental Research (READER) project (Turner et al. 2005) . These eight stations were chosen because they have monthly data for at least 95% of the 31-yr period examined. The locations of these eight stations are roughly uniformly distributed along the coast of the AP (Fig. 1) . A cross-correlation calculation between temperature from any pair of the eight stations shows that in summer, temperature on the west side of the peninsula (Faraday/Vernadsky and Rothera, Antarctica) is largely independent from temperature variability on the east side (see Table S1 in the supplemental material). In the other three seasons, however, temperatures at all AP stations vary together. We construct a time series of AP temperature (APT) by averaging monthly temperature from all eight stations. APT is highly correlated with temperature at each individual station in all seasons except summer (Fig. 2) . Correlation of APT with surface temperature in the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim Re-Analysis (ERA-Interim; Dee et al. 2011) shows that APT is representative of the temperature variability across most of the AP in fall [MarchMay (MAM)], winter [June-August (JJA)], and spring [September-November (SON)] (Fig. 3) , and thus provides a meaningful measure of peninsula-wide temperature change in those seasons. To separately consider the temperature variability on each side of the peninsula, the mean of temperatures from Faraday/Vernadsky and Rothera, which are located on the west coast of peninsula, are defined as the W-APT. The mean of temperatures from the remaining six stations, which are located on the east side, are defined as the E-APT.
Atmospheric circulation and surface temperature data are from the 1979-2009 ERA-Interim (Dee et al. 2011) . Sea surface temperature data are from the Extended Reconstructed SST, version 3 (ERSSTv3), dataset ) and sea ice data are from the Hadley Centre Sea Ice and Sea Surface Temperature dataset (HadISST; Rayner et al. 2003) . The spatial field of surface temperature is also derived from thermal infrared channels of the Advanced Very High Resolution Radiometer (AVHRR) satellite (Comiso 2000) and Modern-Era Retrospective Analysis for Research and Applications (MERRA; Rienecker et al. 2011) , which are largely independent of the ERA-Interim datasets. It should be noted that because the reliable data for the SH polar region is short, the term ''trend'' used in the following refer to any low-frequency variability distinct from the interannual variability; it does not necessarily imply a long-term trend, but may simply reflect decadal variability.
b. Method
To examine the tropical connection of the AP temperature, we use maximum covariance analysis (MCA; Bretherton et al. 1992) to capture the dominant coupled modes between surface temperature on the AP and tropical SST. The MCA is achieved by singular value decomposition of the temporal covariance matrix, using equal area (square root of cosine of latitude) weighting. The pairs of singular vectors describe the spatial patterns of each field. The corresponding squared singular value represents the squared covariance fraction and indicates the relative importance of that pair of vectors in relationship to the total covariance in the two fields. The expansion coefficients obtained by projecting the singular vectors onto the original data fields depicts the temporal variation of the spatial patterns. We also use this method to capture the dominant coupled modes between the sea ice cover in the AP and tropical SST.
c. Model
The general circulation modeling results presented in this study are based on two experiments with the ECHAM4.6 atmospheric general circulation model (Roeckner et al. 1996) , at horizontal resolution of T42 (;2.88 latitude 3 2.88 longitude) with 19 vertical levels. In all experiments we couple the ECHAM4.6 to a slab ocean (Manabe and Stouffer 1980) . In the slab model, the ocean is represented by a horizontal grid of points that are slabs of water of uniform specified depth (50 m). The ocean temperature at each grid point is affected only by heat exchange across the air-sea interfaces. There is no direct communication between adjacent ocean grid points, nor is there any representation of the deep ocean. In addition, a set of specified surface flux adjustments are developed and added to the slab model's temperature tendency equation at each time step in order to maintain a seasonal cycle of ocean temperatures that is as close as possible to present-day conditions.
Interannual variability of the AP temperature
Examination of geopotential height fields shows that when temperature varies coherently across the AP, as measured by the APT time series, this variability is associated with a prominent wave train structure, with anomalous low and high 200-hPa geopotential height (Z200) to the west and east of the AP, respectively (Fig. 4) . This local dipolelike circulation pattern has been called the Antarctic dipole (Liu et al. 2002) , a leading interannually varying signal of circulation in the AP region. The wave train pattern associated with the Antarctic dipole appears in all seasons except summer. The vertical structure of the geopotential height anomalies follows the classic pattern of a tropically forced Rossby wave train, baroclinic in the tropics, but barotropic elsewhere (Gill 1980) . Consistent with this interpretation, the APT time series is significantly correlated with SST variability in the tropical and subtropical Pacific (Fig. 4) . Locally, the northwesterly flow sandwiched between the low and high geopotential height anomalies favors strong heat transport from midlatitudes to the AP region. Temperature changes on the AP are thus intimately related to the large-scale northwesterly winds in fall (MAM) through spring (SON), which are in turn driven by the tropically forced Rossby wave train. In contrast, during austral summer the relationship between the APT (or W-APT and E-APT) and large-scale SH circulation is weak. The seasonal character of the statistical relationships among geopotential height, SST anomalies, and AP temperatures may be understood in terms of the underlying dynamics that give rise to tropically forced Rossby wave trains. Although the pattern and location of the tropical SST anomaly associated with APT varies by season, in all three seasons during which the Rossby wave patterns appears (MAM, JJA, and SON), there is a strong meridional gradient of potential vorticity associated with the upper level subtropical jet to the east of Australia. Note that the upward trend (gray line) in DJF and MAM is significant at the 95% and 90% confidence level, respectively, by the Mann-Kendall test (Kendall 1955 ) and the trend-to-noise ratio test (Wilks 1995) . The trends in JJA and SON are not significant. This gradient acts as an amplifier to enhanced tropical forcing (Renwick and Revell 1999; Lachlan-Cope and Connolley 2006; Ding et al. 2012) , which can be associated with a variety of SST anomaly patterns in the tropics and subtropics. In contrast, in summer [DecemberFebruary (DJF)] the subtropical jet is normally weak or absent, and the connection between the AP and tropical SST variability is reduced.
Trend of the AP temperature
Trends in AP temperature, like the interannual variability, exhibit seasonality in both magnitude and spatial coherence. There is significant warming observed in summer and fall, but not in winter or spring (Fig. 5) . Although the mean fall warming, as measured by the APT time series, is only marginally significant (93% confidence level), it occurs at all stations, and it is significant at 95% confidence at three of the eight stations (Fig. 6) . In contrast, the summer warming, which has been attributed to the SAM trend (Thompson and Solomon 2002; Gillett et al. 2006; Marshall et al. 2006; Marshall 2007) , mainly reflects the warming from the east side of the AP. In winter (JJA) and spring (SON), warming is seen primarily at just two stations (Faraday/Vernadsky and Rothera) on the west side (Fig. 6) . It is thus only during the fall season that widespread warming of the entire peninsula is observed in the last few decades. This inference from the weather station data is supported by surface temperature data from satellite thermal infrared sensors, and by ERA-Interim and MERRA. The common feature of all three datasets indicates that the entire AP region has warmed significantly in fall, but not in the other three seasons (Fig. 7) . The warming of Faraday/ Vernadsky and Rothera in JJA and SON appears to represent only a local signal, rather than a peninsula-wide trend. Another interesting feature in MAM is that a very narrow cooling band is offshore of the east coast of the AP and this cooling band can also be seen in the other three seasons. But, to the first order, the entire AP region is only greatly warmed in MAM.
a. Tropical connection of the AP warming in fall
The peninsula-wide warming trend in fall can be related directly to tropically forced changes in the SH circulation over the last three decades. In particular, the SH circulation trend in fall is characterized by a wave train pattern in the Pacific sector (Fig. 8a) , similar to that seen in the interannual variability from the tropical central Pacific to the AP (Fig. 4b ). An increasing anomalous low circulation over the Amundsen Sea signifies an increasing trend of northwesterly flow and stronger heat transport from the midlatitudes to the AP. The decreasing trend of 200-hPa geopotential height over the Amundsen Sea is only significant at 80% confidence level as a result of a very high interannual variability there (Connolley 1997; Ding et al. 2012) . Tropical Pacific SST in MAM experienced a significant change in the last 31 years (Fig. 8b) , with significant warming in the western Pacific extending northeast and southeast into the subtropics.
Our inference that the spatially coherent trend in AP temperature in austral fall is associated with a trend in tropical SST is further supported by MCA. We use MCA to capture the dominant coupled modes between surface temperature on the AP (ERA-Interim; 608-758S, 79.58-52.58W) and tropical SST (308N-308S) . The resulting SST pattern (SST mode 1) is similar to the simple SST trend in the last three decades shown in Fig. 8b , and is closely associated with a pattern of increasing surface temperature across the entire AP (AP mode 1; Fig. 9 ). This leading coupled pattern explains 70% of the covariability. The time series associated with these two modes are significantly correlated (correlation 5 0.67) and both show a coherent upward trend in the last 31 years (Fig. 9c) . The leading mode of AP temperature is very similar to the pattern of the AP warming trend in MAM (Fig. 7) and its time series is highly correlated with the APT time series (correlation 5 0.9), and its increasing trend is significant at 99% confidence level.
Correlation of the time series of both the SST or AP temperature modes from the MCA with geopotential heights shows a wave train pattern that closely resembles the actual circulation trend in the last 31 years (Fig. 9d) , indicating that this circulation pattern plays a key role in linking the tropics with peninsula-wide warming on both interannual and longer time scales. These results do not depend on whether the data are detrended prior to conducting the MCA calculation. Thus, the same physics that relates AP temperature to tropical SST on interannual time scales also appears to account for the significant trend of AP temperature in austral fall. Additional MCA analysis for pre-1979 period (1958-78) between the AP surface temperature from the 40-yr ECMWF ReAnalysis (ERA-40; Uppala et al. 2005 ) and tropical SST from ERSSTv3 still show a very similar coupled pattern in austral fall, suggesting a stable covarying relationship between the tropical SST and AP temperature in the last 50 years.
Temperature variation on the AP is closely tied to local sea ice conditions (Marshall et al. 2002; Jacobs and Comiso 1997; Turner et al. 2005) . The APT times series is closely associated with sea ice conditions in the adjacent ocean on the interannual time scale throughout the year (Fig. 10) , and the greatest decrease of sea ice cover off the west coast occurs in fall (Turner et al. 2009) (Fig. 11) . In winter and spring, the sea ice decrease is largely restricted to the coast of the northwest and northeast peninsula. A similar MCA analysis between tropical SST (308N-308S) and sea ice in the peninsula region (HADISST; 608-758S, 79.58-52.58W) suggests that the same tropical SST trend that is related to AP temperature change in MAM also favors declining sea ice along the west coast of the peninsula region, especially over the Bellingshausen Sea (Fig. 12) , where the largest decreasing trend of sea ice is seen in the last 31 years (Fig. 11) . The tropically forced circulation change is associated with onshore wind over the Bellingshausen Sea, which provides favorable dynamical conditions for the movement of sea ice toward the coast (decreasing sea ice concentration) as well as favorable conditions for the melting of the sea ice by warm air advection (Harangozo 2000; Stammerjohn et al. 2008 ).
b. Model evidence of tropical connection of the AP warming in fall
To further examine the inferred causal relationship between tropical SST forcing and temperature variability in the AP during austral fall, we use an atmospheric general circulation model (GCM) forced by observed SSTs changes during the 1979-2009 period in the tropics only; in the extratropics, the atmosphere is coupled to a slab ocean. Thus, the high-latitude circulation change in this experiment is by construction resulting from the tropical forcing. Ten members run with different atmospheric initial conditions are used to obtain a reliable response. This experiment produces a very similar circulation trend pattern in the SH high latitude in fall, with a tropically forced northwesterly flow impinging on the west coast of the AP (Fig. 13) , consistent with observations. The simulated MAM 200-hPa geopotential height variability in the Amundsen Sea, which is the key system to influence surface temperature in the AP, show a strong connection (correlation 5 20.72) with the observed SST trend in the tropics (Fig. 13c) . The simulated warming rate on the AP is 0.48C decade
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, in good agreement with observations. While the warming over the tip of peninsula seen in the observations is not captured, this area is actually misrepresented as an oceanic grid at the T42 model resolution used. Given the very reasonable simulation of highlatitude circulation trend and widespread warming across the AP associated with the observed SST variability, these model results add further evidence that tropical SST forcing has played a dominant role in warming the AP. c. Winter and spring warming in the western AP During austral winter and spring, the circulation trend over the AP is governed by strong easterly and southerly wind anomalies (Fig. 14) , which cannot efficiently warm the region. This is the possible reason why the warming trends are significantly less widespread in these seasons (Figs. 6 and 7) . However, a significant warming trend is still observed on west coast of the AP, especially over Faraday/Vernadsky and Rothera station (Fig. 6) , which may be forced by a reduction of sea ice adjacent to the station (Jacobs and Comiso 1997) . Although the sea ice reduction along the west coast of the AP in these two seasons cannot be readily explained by the large-scale circulation change, it is possible that the significant sea ice decline in fall persists into the subsequent winter and spring (Harangozo 2000; Stammerjohn et al. 2008) . To test this idea, the mode 1 expansion coefficient of sea ice obtained from MCA analysis between MAM tropical SST and sea ice concentration in the peninsula region (Fig. 12 ) are used to capture tropical forcing-related sea ice variability in the AP region in fall. This time series characterizes well the total sea ice variability along the west coast in fall (Fig. 15a) . The lag correlation between this time series with sea ice in the following two seasons suggests that the regional sea ice anomalies in fall persist to JJA and SON along the west coast of the peninsula, but with a slow eastward advection, resulting in sea ice reduction adjacent to Faraday/Vernadsky and Rothera (Fig. 15) . The seasonally drifting pattern of regional sea ice anomalies is very similar to the trend pattern in winter and spring (Fig. 11) . The time series of MAM sea ice variability also shows a significant correlation with JJA and SON station temperature over Faraday/ Vernadsky and Rothera (Table 1) . Thus, the sea ice decline in winter and spring that accounts for the warming trend in Faraday/Vernadsky and Rothera in those seasons (Jacobs and Comiso 1997) appears to be related to the sea ice trend in fall.
Discussion
Examination of the seasonal temperature variability across the peninsula shows that during all seasons except summer, the most important large-scale forcing of temperature variability on the AP is the extratropical Rossby wave train associated with tropical Pacific sea surface temperature anomalies. In the most recent three decades, austral fall is the only season in which a significant, spatially extensive warming trend occurs on the AP. This warming trend is associated with a significant reduction of sea ice off the west coast. Both appear to be primarily a response to a tropically forced atmospheric Rossby wave train. Because the sea ice reduction along the west coast in austral fall can persist for one to two seasons but drifts westward, the warming trends in winter and spring at Faraday/Vernadsky and Rothera on the western AP may also be related to the tropical forcing occurring in austral fall.
Our results have significant implications for understanding the role of anthropogenic forcing in driving recent temperature trends on the AP. Although the summertime warming of the eastern AP is widely attributed to anthropogenic radiative forcing of the SAM (Thompson and Solomon 2002; Gillett et al. 2006; Marshall et al. 2006; Marshall 2007) , the same arguments do not apply to the widespread warming of the AP in fall, nor to the significant warming of the west coast in winter and spring (Marshall et al. 2004) . We note that although regression of APT with upper-level circulation bears some resemblance to the SAM pattern in MAM (Fig. 4b) , and correlation between the SAM index and the APT suggests a relationship at interannual time scales, this is not the case for the trend (Fig. 8a) . Previous work on the recent trend in the SAM index has largely focused on summer during which the SAM trend has been statistically significant. In other three seasons, the trend in the SAM is weaker, and the link with ozone or greenhouse gas forcing is much more equivocal (Marshall et al. 2004; Fogt et al. 2009; Sigmond and Fyfe 2010) . Furthermore, the SAM component over the Pacific sector is strongly related to tropical forcing (Ding et al. 2012) . Thus, the statistical connection between the SAM and APT does not contradict the idea that APT variability is strongly related to tropical dynamics.
We emphasize that the ECHAM4.6 model used in this paper, when run with a slab ocean and observed ozone and CO 2 forcing, captures the main features of observed geopotential height changes (i.e., the SAM trend) in DJF, as has been found with other models (Thompson and Solomon 2002; Gillett and Thompson 2003; Marshall et al. 2004; Shindell and Schmidt 2004; Miller et al. 2006; Arblaster and Meehl 2006; Fogt et al. 2009; Thompson et al. 2011 ). In the other seasons, a direct response to radiative forcing is clearly inadequate to explain the observed circulation patterns in the peninsula region (Fig. 16) . While a nonannular circulation pattern similar 31-yr (1979-2009 ) CO 2 and ozone forcing. In the lower boundary, the atmosphere is coupled to a slab ocean model. Ten members run with different atmospheric initial condition are used to obtain a reliable response. The mean of the 10-member ensemble is shown here. The significant trends of simulated and observed Z200 (above 95% confidence level) are denoted by color shading.
to the observed trend in MAM has been produced in one atmospheric model in response to ozone forcing (Turner et al. 2009 ), our results suggest that the response should be quite sensitive to the SST field. Tropical Pacific SSTs are a key forcing of nonannular features in the SH circulation (Ding et al. 2012) , and as we have shown here, the observed circulation changes and AP temperatures covary strongly with observed tropical SST. This does not rule out an anthropogenic forcing of AP temperature, because it is possible that the tropical SST changes are themselves a response to radiative forcing. However, at least some modeling results suggest that the recent SST change in the tropical Pacific is mainly attributable to natural variability (Yeh et al. 2012) .
How the tropical Pacific response to the anthropogenic forcing is a subject of considerable uncertainty: the atmospheric dynamics favor an El Niño-like response, while the oceanic dynamic favor a La Niña-like response (Vecchi et al. 2008; Collins et al. 2010) . Furthermore, it is clear that there is strong natural SST variability in the tropical Pacific on decadal time scales (Meyers et al. 1999; Di Lorenzo et al. 2010) . Thus, future projections of how tropical Pacific low-frequency SST variability will change in response to both continued anthropogenic radiative forcing and natural interdecadal variability represent a significant source of uncertainty of projections of temperature change in the AP.
